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Abstract
In order to evaluate the physics potential of the CMS detector, theWH associated production
of a Higgs boson decaying into a W pair is studied. Performance of the data acquisition and
the sophisticated trigger system, particle identification and event reconstruction are inves-
tigated by performing a detailed analysis on simulated data. Three-lepton final states are
shown to provide interesting possibilities. For an integrated luminosity of 100fb−1, a po-
tential signal significance of more than 5σ is obtained in the mass interval between 155 and
178GeV/c2. The corresponding precision on the Higgs boson mass and partial decay width
into W pairs are evaluated. This channel also provides one of the very few possible avenues
towards the discovery of a fermiophobic Higgs boson below 180GeV/c2.
1 Introduction
The Standard-Model cross-section for each Higgs boson production mechanism is shown in Figure 1,
as a function of the Higgs boson mass. The dominant contribution to Higgs boson production at LHC
comes from gluon-fusion processes over the mass range from 100GeV/c2 up to 1 TeV/c2. The boson-
fusion mechanism is less important but still contributes significantly, especially for Higgs boson masses
of the order of 1 TeV/c2. For Higgsstrahlung processes, where theHiggs boson is produced in association
with a W or Z boson, the cross-section is lower, as an anti-quark from the proton sea is involved. For
these processes, cross-sections are a factor 20 to 1000 lower, depending on the Higgs boson mass.
Figure 1: Next-to-leading order cross-section calculations for the Standard-Model Higgs boson at LHC [1].
Motivations for studying the WH associated production, with a subsequent decay of the Higgs boson
into a W pair are twofold. First, the corresponding Feynman diagram (Figure 2) contains the gHWW
coupling constant twice, that could therefore be precisely measured. Second, that process is one of the
few that are still allowed for a fermiophobic Higgs boson, along with some boson-fusion processes.
The cross-section for the process considered exhibits a maximum near the WW resonance, due to the
combined behavior of the production cross-section and the Higgs boson branching ratio for H→WW.
We will concentrate on the intermediate mass region between 115GeV/c2 and 190GeV/c2 (Figure 3).
Since three W bosons are produced in this process, the final state is characterized by six fermions in
addition to soft remnants from the protons. Topologies therefore range from six jets to three charged
leptons. Amongst these topologies, some are very clear while others are very difficult to disentangle.
This is generally determined by the number of leptons. Two clear signatures with interesting signal over
background ratios are the same-sign lepton-pair channel and the three-lepton channel. Previous fast-
simulation ATLAS studies [4, 5, 6] show that these two event classes can give a significant contribution
to the discovery potential. This note presents the potential for events containing three leptons in the









Figure 2: Feynman diagram for the WH associated production, with a subsequent decay of the Higgs
boson into a W pair. This process is the subject of the present analysis.
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Figure 3: Next to leading order (NLO) production cross-section times branching ratio for WH associated produc-
tion, with a subsequent decay of the Higgs boson into a W pair. Obtained with HDECAY[2] and V2HV [3].
2 Simulation of signal and background processes
The present analysis is performed with the full simulation of the CMS detector. Events are processed
through a detailed GEANT simulation of the CMS detector and then digitized taking into account pile-
up effects corresponding to the low-luminosity regime (2× 1033cm−2s−1) of LHC. Event reconstruction
is finally performed using the standard CMS reconstruction software.
2.1 Signal process
The next-to-leading order (NLO) QCD corrections to WH production are similar to those of the Drell-
Yan process and are known to increase the cross-section by about 30% [7]. NNLO QCD corrections are
expected to be small [8]. Accuracy is estimated to reach 15%, a level at which electroweak corrections
become significant. These electroweak NLO corrections were recently calculated and led to a O(5)%
decrease in cross-section [9]. In the following sections, the cross-section including only QCDNLO effects
will be used to keep coherence with other CMS studies.
Events are generated using PYTHIA, which includes spin-correlation effects. At this level, W bosons
are forced to decay into electrons, muons or taus. All tau decays are allowed. Even if the hadronic
tau decays are not considered in this analysis, efficiencies quoted always refer to the global sample
containing all tau decays. Events were also generated with CompHep 3.3.23[10] to investigate effects of
spin-correlation (CompHep does not include spin-correlation effects).
Starting at 115GeV/c2, we also considered Higgs boson masses of 125, 130, 140, 150, 160, 170, 180 and
190GeV/c2. This covers the complete mass range accessible in this channel. Ten thousand events were
generated for each of the nine simulated Higgs boson masses.
Figure 4 shows the transverse momentum (Pt) spectrum of leptons in signal events generatedwithMH =
140 GeV/c2. These leptons are relatively soft and the spectrum has a significant contribution at very low
transverse momenta. This has an impact on reconstruction and selection efficiency. In 60.5% of the
events, all three leptons are produced inside the fiducial region defined as |η| < 2.4. Three neutrinos
are also produced and generate missing transverse momentum ( /Pt). This is nevertheless significantly
reduced by geometric mutual cancellation effects between the three neutrinos. The missing transverse
energy ( /Et) distribution is presented in Figure 5.
Spin correlation between the Higgs boson decay products is an important effect which significantly
modifies the event’s topology by reducing the angle between leptons originating from the Higgs bo-
son decay chain. For that purpoe, acollinearity (θaco) is defined as the angle between the two leptons.
Similarly, the acoplanarity (∆Φ) is defined as the angle between these two leptons in the transverse
plane. Even so, the angle between leptons is influenced by the Higgs boson boost along the z axis
(〈EH〉 = 576 GeV for a Higgs boson mass of 140GeV/c2), which hides part of spin correlation effects on
the acollinearity. The influence on the acoplanarity (∆Φ) between leptons is on the contrary still clearly
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Figure 4: Pt distribution at generator level for leptons in signal events (MH = 140 GeV/c2). The two narrower
distributions correspond to leptons originating from the Higgs boson decay, while the broader distribution corre-
sponds to leptons coming from the spectator W boson. The normalization corresponds to an integrated luminosity
of 100 f b−1. There is no cut in pseudo-rapidity.
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Figure 5: Missing transverse energy ( /Et ) distribution for signal events for a Higgs boson mass of 140 GeV/c2at












Figure 6: Signed acoplanarity (∆Φ) between leptons originating from a 140 GeV/c2 Higgs boson for events simu-
lated with PYTHIA (continuous) and CompHep (dashed). One sees the effect of spin correlation, only taken into
account in PYTHIA. This is obtained at generator level and the normalization is arbitrary.
visible. In order to check the magnitude of this effect, the topology of events generated with PYTHIA
and with CompHep was compared. The result of this comparison is shown in Figure 6, which presents
the acoplanarity between leptons originating from the Higgs boson for events simulated with PYTHIA
and CompHep. Spin correlation, present in PYTHIA but not in CompHep, clearly favors smaller acopla-
narity at generator level.
There is no strong dependence of the quantities shown in this section on the Higgs boson mass. A mass
of 140GeV/c2 has been used in the following discussion.
2.2 Background processes
All Standard-Model processes likely to produce three leptons must be considered as background for this
analysis. This includes events where three leptons are actually produced (e.g. WWW or WZ) but also
events with two or four leptons, i.e. with a “fake” lepton or a missed lepton. Leptons can especially be
produced in the semi-leptonic decay of a Bmeson. In the present analysis, we considered the production
ofWWW,WZ, ZZ, t¯t, andWt. Most of the processes used are simulated with PYTHIA, except for WWW,
which is generated with CompHep, and Wt generated with TopRex [11]. In all cases, PYTHIA is used
for the hadronization step. The dedicated generator AlpGen [12] is used to compute the cross-section
of Zb¯b, Wb¯b and Z+jets processes. Details are given in Table 1. It gives the cross-section (including
branching ratios of W,Z into leptons), the generator used and the number of events produced.
The WWW background cannot be generated with PYTHIA as it corresponds to a six-fermion final state.
It was therefore generated with CompHep, hadronized by PYTHIA and then followed the usual CMS
simulation chain. It corresponds to the production of three W bosons via quartic W couplings, via a
Z∗/γ∗ , or directly in the t channel. The WWW background is a priori difficult to distinguish from the
signal, as the final state differs only by the effect of spin correlation, and cannot be separated event by
event. The cross-section (5×10−2 pb) is nevertheless lower than what is predicted for the signal.
Another possible background source is the (associated) single top production Wt. It enters as a back-
ground when, in addition to leptons from W decays, a lepton is seen in the jet from the B meson, be
it either a fake lepton or a real lepton from a semi-leptonic B decay. The cross-section (51 pb) is large
compared to that of the signal, but is reduced to 659 fb when one has three electrons or muons in the
final state, taking into account tau and B decays. In these events, at least one lepton is expected to be
less isolated, and that the hadronic activity is significantly higher than for the signal. As shown later,
in Section 4, lepton isolation and jet veto are used to suppress this background (and the t ¯t background)
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Table 1: Background processes considered into the present analysis. The cross-section includes the decay of W
and Z bosons into leptons. The generator and the number of events processed are also shown together with the
corresponding weight for a luminosity of 1fb−1. For comparison, the signal varies, with the same hypotheses, from
5 fb to 20 fb in the considered mass range.
Background Cross-section Generator MC statistic weight (1fb−1)
WWW(3l±) 4.95 fb CompHep 9546 5.19×10−4
WZ(3l±) 1.71 pb Pythia 30000 3.46×10−2
ZZ(4l±) 0.17 pb Pythia 45621 3.67×10−3
t¯t(l+l−b¯b) 90.9 pb Pythia 47200 1.93
Wt(l+l−b) 5.25 pb TopRex 49591 0.11
Wb¯b(l±b¯b) 9.3 pb AlpGen - -
Zb¯b(l+l−b¯b) 6.52 pb AlpGen - -
b¯b 0.33 mb Pythia - -
Z(l+l−)+ jets 786 pb AlpGen - -
t¯b,¯tb(l±b¯b) 82 pb - - -
with respect to the signal. Compared to Wt, the t ¯t pair-production is more easily suppressed since there
is a second b-jet in the event, but it has a larger cross-section. The weight associated to this background
is large.
We will show how the implemented selection procedure efficiently suppresses t¯t, and Wt backgrounds,
which are large and potentially dangerous. Some additional background sources were ignored for prac-
tical reasons. Wb¯b, Zb¯b or t¯b are potential background sources and should ideally be integrated in the
study but are not expected to contribute much to the final number of events. b¯b events could contribute
to the background if one of the B mesons decays in chain. Due to the large cross-section, handling this
background would require a huge data sample, and has not been included explicitly in the study. Pre-
vious ATLAS studies [6] show it is indeed negligible (after requiring three isolated leptons). The Z+jets
events could further enlarge the background if a particle from the jet is misidentified as an electron.
Such an effect is expected to be low in offline reconstruction, and greatly reduced by isolation cuts.
3 Trigger issues
Analyzed events must first pass the trigger chain, from L1 to HLT. This step is designed to be as efficient
as possible for events containing at least one energetic particle, but may induce a significant loss for
processes containing only soft particles. At analysis time, analysis streams will also have to be chosen
to search for new signals. Streams will mainly depend (if not exclusively) on trigger patterns. In order
to select the best trigger pattern, trigger efficiencies are studied both before and after event selection.
3.1 Triggering on signal events
For this analysis, we restricted ourselves to triggers known to have the highest impact on the total
efficiency: single- and double-electron and muon triggers. The global (cumulative) trigger efficiency
after L1 and HLT is found to be 65% for a 140GeV/c2 Higgs boson. Figure 7 shows the efficiency for
each (exclusive) trigger pattern. The entry denoted “others” stands for trigger streams not considered in
this analysis. As will be demonstrated later on, the impact of ignored streams is further reduced by the
event selection, which favors multi-leptonic patterns. Trigger patterns after the analysis are discussed
in Section 4.7.
Trigger efficiency depends on the final state lepton types. Details about the efficiency for each type of
event (defined from the number of muons, electrons and taus in the event) are given in Figure 8. Events
containing one or more muons are more easily retained (efficiency reaches 85% for events with three
muons) while tau events are only marginally selected (efficiency: 12%). Efficiency rises with the Higgs
boson mass, from 58% at 115GeV/c2 to 74% at 190GeV/c2 (Figure 9).
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Figure 7: Trigger efficiency by trigger pattern, for the signal. Efficiency is calculated as Nx/NHLT , where x is one of
the 24 exclusive trigger patterns. “Others” stands for unconsidered trigger patterns.
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Figure 8: Trigger efficiency for each class ofMonte-Carlo events. Results are given after L1 and after HLT. Efficiency
is computed as the ratio between the number of triggered events and the total number of generated events.
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Figure 9: Total and partial trigger efficiency (L1∧ HLT) as a function of the hypothetical Higgs boson mass. Effi-
ciency is given separately for each of the single- and double-electron or muon triggers, as well as for the total trigger
combining each of these.
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Table 2: Trigger efficiency for each source of background. Efficiency at HLT with the restricted trigger set used in
the present analysis is also presented.
Background L1 efficiency HLT efficiency e,ee,µ,µµHLT efficiency
WWW(3l±) 0.87 0.79 0.73
Wt(l+l−b) 0.88 0.78 0.67
WZ(3l±) 0.8 0.72 0.65
ZZ(4l±) 0.78 0.69 0.64
t¯t(l+l−b¯b) 0.91 0.79 0.65
efficiency




































Figure 10: Trigger efficiency by trigger pattern for t ¯t andWt events (a) and for other backgrounds (b). Efficiency is
calculated as Nx/NHLT , where x is one of the 24 exclusive trigger classes. “Others” stands for unconsidered trigger
patterns.
3.2 Triggering on background events
The trigger efficiency for each source of background is shown in Table 2. Efficiency, when restricting to
single- and double-electron and muon triggers, varies from 64% to 73%, which is the same magnitude
as the trigger efficiency for signal events. Trigger patterns are dominated by single-electron and muon
triggers. The detailed contribution of each bit is shown in Figure 10. As expected, the relevance of
various bits is similar to what it is for the signal for WZ, ZZ and WWW backgrounds, while single
triggers are more dominant in t ¯t and Wt backgrounds.
4 Signal discrimination
Events that have passed the HLT can be handled with offline-quality algorithms. Electrons, muons, taus,
(b)jets and /Et are reconstructed with dedicated algorithms without the time constraints that have driven
the HLT design. Signal events are selected using that information.
Preselection cuts were not optimized, as they naturally arise from the topology. The selection cuts were
optimized to maximize σ = s/
√
b, where s and b are the total number of signal and background events,
respectively. Some cuts were put by hand without optimization when such an optimization on the basis
on s/
√
b was not meaningful, like for lepton quality cuts. When this is the case, this is mentioned in the
text. That optimization is performed on an independent sample at MH = 140 GeV/c2. Each possible cut
is considered several times in an iterative procedure. When it is necessary (e.g. for cuts affecting mainly
low cross-section backgrounds) only a subset of background has been used. The order in which each cut
is applied has also been varied during the optimization process to better take into account correlations
among them. Implicit reconstruction cuts are not mentioned here as default parameters were used when
not stated otherwise.
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4.1 Preselection and topology reconstruction
A first set of selection criteria is applied to select signal-like topologies.
• Three and only three leptons are required in the event.
• The total charge of these three leptons is required to be either +1 or -1.
This contributes to reject badly reconstructed events. Among events with a total of three electrons and
muons in the detector (typically |η| < 2.4), 77% are reconstructed with three leptons. This corresponds
to a global efficiency of 92% per lepton in the considered region and is compatible with the expected
CMS performance. Efficiency rises with lepton energy.
It is important to assign reconstructed leptons either to the Higgs boson decay or to the decay of the W
boson that does not come from the Higgs boson. This is achieved by choosing the two closest opposite-
sign leptons. The third lepton is then supposed to come from the associated W boson. This lepton
association to the Higgs boson works in 75% of the cases, whatever the Higgs boson mass. In the
following, that ordering will be always used, and the “third lepton” will refer to the one not associated
to the Higgs boson. All following plots are obtained with trigger and preselection cuts applied.
4.2 Selection of isolated lepton
Electrons and muons are reconstructed using default offline-quality reconstruction methods. To avoid
some fake leptons originating from reconstruction errors, the minimal angle between pairs of leptons is
required to be higher than 0.1 rad. For electrons, additional quality cuts (not optimized) are applied: the
energy measured by ECAL (E) and the momentum obtained by the tracker (P) must agree (0.9< E/P<
1.75), and the ratio of energy measured by HCAL and ECAL must be lower than 1.5.
As all leptons come from a W boson decay, they are expected to be more energetic than “fake” leptons
or leptons produced in a jet. Only leptons above 16GeV/c are thus retained.
The angle between leptons attributed to the Higgs boson can be used to distinguish signal and back-
ground. Both the acollinearity (θaco) and the the acoplanarity (∆Φ) between the leptons are used, as they
provide complementary information. The acollinearity must be lower than 0.75 rad, and the acopla-
narity lower than 1.75 rad. These two cuts reduce the background by a factor 3.6, while the efficiency
for the signal is 55%. One of the major effects of these cuts is to reduce the WWW background, which is
otherwise similar to the signal. These two quantities are shown in Figure 11.
Most of the background contains a fake lepton or a lepton from the semi-leptonic decay of a B meson,
identified in a jet. In such events, one of the leptons is less isolated. In the present study, isolation (Iℓ) is
defined as the angle between the lepton track and the closest track above 3 GeV/c(Figure 12). A typical
cut corresponding to a cone radius of 0.2 gives a rejection factor of 20 for a signal efficiency of 49%.
The isolation cut is complemented by a vertex-based selection (not optimized). A cut on the z-spread
of the reconstructed vertex is applied to ensure that all of the three leptons are coming from the same
interaction. This quantity is defined as the largest difference between the z position of the impact point
for each of the reconstructed leptons (∆z < 0.15cm). Such a cut eliminates fake coincidences of leptons
produced in pile-up interactions.
4.3 Jet veto
Signal events are free of any central hadronic activity, so that the presence of jets could be used to
distinguish these leptonic events from the large t ¯t and Wt backgrounds. Nevertheless, remnants and
pile-up induce significant activity in the calorimeters.
Central jets are first reconstructed using the iterative cone algorithm with Et recombination scheme and
cone size 0.7 [13]. Only jets above 10GeV/c in the central region (|η| < 2.1) are kept. Built from ECAL
plus HCAL towers containing all the energy deposited in either of the two calorimeters, jets contain
the energy deposited by any electron already identified. Ideally, the corresponding energy should be
subtracted from the calorimeter prior to jet reconstruction, but such a procedure is not possible (yet)
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Figure 11: Angles (in rad) between the two closest leptons, for signal and background events. The upper plot
shows the acollinearity, while the lower plot shows the acoplanarity. The normalization corresponds to 100fb−1 .
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Figure 12: Lepton isolation by method. The distance (in η,φ) to the closest track above 3 GeV is shown for the less
isolated lepton in any event. The normalization corresponds to 100fb−1 .
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Figure 13: Pt spectrum of the leading central jet, before (dashed) and after (plain) subtraction of electrons for signal
events withMH = 140 GeV/c2. The normalization corresponds to 100fb−1 .
Jet Pt (GeV/c)






































Figure 14: Leading jet Pt distribution. The normalization corresponds to 100fb−1 .
within the CMS software. Hence, electrons are subsequently subtracted from reconstructed jets. Fi-
gure 13 shows the Pt spectrum of the leading central jet, before and after subtraction of electrons. This
procedure clearly lowers the average hadronic activity reconstructed in the event.
Backgrounds likeWt and t ¯t are characterized by at least one or two additional jets from the leading-order
interaction. We therefore reject a significant part of these events by cutting on the transverse momentum
of the leading jet. The best signal significance (s/
√
b) is obtained for a cut at 25GeV/c.
4.4 Identification of B mesons
In addition to the lepton isolation cut, jets from B decays can be directly identified. This procedure
would ideally benefit from soft lepton B-tag algorithms not yet available. In this study, the combined
B-tag algorithm has been used [14]. This algorithm combines impact parameter and secondary vertices
measurements to build a probability for jets (built with a cone size of 0.5) to result from the decay of a B
12
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Figure 15: Invariant mass of any pair of leptons compatible with the Z hypothesis, for ZZ, WZ, and signal events.
When more than one pair is possible, the pair with an invariant mass closest to MZ is used. Events in the first bin
are those for which no pair is compatible with the Z hypothesis. The normalization corresponds to 100fb−1 .
meson. Default parameters for this algorithm are tuned by the collaboration for the best efficiency, while
keeping the fake identification rate low. Typical values are an efficiency of 60% for a fake identification
rate of 2% (for jets of 100GeV/c).
Requiring no jet tagged as originating from a B meson by the combined b-tag algorithm, 95% of the
signal is kept, while 77% of the t ¯t background is rejected. It is interesting to note that the reduction is
still 60% if the jet veto is first applied.
4.5 Z veto
In ZZ andWZ backgrounds, there is a lepton pair that finds its origin in the Z boson decay. A cut on the
invariant mass of any pair of leptons compatible with this hypothesis (via charge and flavor constraints)
is used to reject these events. Figure 15 shows this invariant mass for ZZ, WZ, and signal events. Re-
jecting the masses between 65 and 115GeV/c2 clearly favors signal over background. Considering only
WZ and ZZ backgrounds, these numbers are the optimal values for this cut alone. The fraction of
background events kept is then 11% and 17%, for WZ and ZZ backgrounds respectively, while signal
efficiency amounts to 80%.
4.6 Kinematical cuts
After applying all the cuts already presented, the remaining background contains mainly WZ and ZZ
events, where all three leptons are well reconstructed. Only more elaborate kinematical cuts can distin-
guish them from the signal.
One natural quantity that has not been considered so far is the missing transverse energy ( /Et). Figure 5
shows that the missing transverse energy is not very large for signal events. Its shape after all mentioned
cuts (Figure 16) is nevertheless modified, and it can be used to remove part of the ZZ background, where
no missing transverse momentum is expected. A cut at 30 GeV/c is applied for that purpose. Applied
after all already mentioned cuts, it removes 76% of the ZZ background while keeping 73% of the signal.
The /Et can then be combined with the transverse momentum of leptons to build the transverse mass of
the would-be W bosons, defined as
Mt(Wi) =
√
2 ∗Pℓit /Et(1− cos∆φℓ /Pt ), (1)
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Figure 16: Missing transverse energy for signal and background events, after all cuts but the kinematical cuts (see
text). The normalization corresponds to 100fb−1.
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Figure 17: Reconstructed W mass Mt(W3) (from Equation (1)) for signal and background events, after all cuts but
the kinematical cuts (see text). ZW events are clearly characterized by a low transverse mass. The normalization
corresponds to 100fb−1.
where Plit is the transverse momentum of one of the three leptons, /Et is the missing transverse momen-
tum, and ∆φℓ /Pt the polar angle between the lepton and the missing transverse momentum. By definition,
this transverse mass is lower than the W or Z boson mass, respectively when /Et results from a single
neutrino (WZ events) or a missed lepton (ZZ events). For signal events, a significant fraction of energy
is carried by the three neutrinos. The reconstructed transverse mass is therefore expected to be larger.
A cut at 40GeV/c2 on Mt(W3) is applied to enrich the signal. The reconstructed transverse mass from
Equation (1) is shown in Figure 17.






+2Eℓℓt /Pt−2Pℓℓt /Pt cos∆φℓℓ /Pt , (2)
where Mℓℓt and Eℓℓt are here respectively the transverse mass and the transverse momentum of the lep-
ton pair, and ∆φℓℓ /Pt is the polar angle between the missing transverse momentum and the summed
momentum of the lepton pair. This is only an approximation as the third neutrino, originating from
the associated W boson, cannot be subtracted from the missing momentum. It is nonetheless correlated
to the Higgs boson mass and it will be used as a discriminant variable in the evaluation of likelihood
ratios. It will also be used in a likelihood fit for the Higgs boson mass in Section 6.3. This evaluated
Higgs boson transverse mass is shown in Figure 18.
Quantities like aplanarity, sphericity or thrust, constructed either from the calorimeter information or
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Figure 18: Probability density function (PDF) for the reconstructedHiggs boson transversemass fromEquation (2),
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Figure 19: Transverse momentum of the summed Lorentz vector of the three leptons for signal and background
events, after all cuts but the kinematical cuts (see text). The normalization corresponds to 100fb−1 .
from tracks of charged particles, were also considered. No discriminating power has been observed. In
order to further protect against the effect of Z+jets background that is not considered, the ATLAS cut on
the transverse momentum of the summed Lorentz vector of the three leptons (Pt(∑Pℓ)) is used. A cut at
40GeV/c on this quantity (not optimized) is also found to reduce the ZZ background, as it can be seen
in Figure 19.
4.7 Summary of selection cuts
Optimized cuts are summarized in Table 3. Evolution of efficiency with the selection for the signal
and each background source is represented in Figure 20. The starting point corresponding to 100%
efficiency is chosen to be all events passing the HLT. Figure 21 shows the cumulated efficiency (including
trigger and event selection) as a function of the Higgs boson mass. The curve has a maximum at the
WW resonance. Beyond the WW production threshold, efficiency drops. A possible explanation is that
W bosons start to be boosted in the Higgs boson frame, which influences the angular distribution of
leptons. This should be checked. Efficiency in that region could certainly be improved by optimizing
the analysis for a Higgs boson mass of 190GeV/c2. The efficiency varies from 0.5% to 1.3% within the
considered mass range.
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Table 3: Summary of the optimized selection cuts. The cross-section for the signal and backgrounds, for each step






















































































































































































































































































































































































































































































Figure 20: Evolution of efficiency with the selection for the signal and each background source. The starting point
corresponding to 100% efficiency is chosen to be all events passing the trigger. Cut numbering used is the same as
in Table 3.
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Figure 21: Cumulated efficiency (including trigger and event selection) as a function of the Higgs boson mass.
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Figure 22: Trigger efficiency by trigger pattern, for the signal. Efficiency calculated as Nx/NHLT , where x is one of
the 24 exclusive trigger classes. Only events passing the selection are considered here.
Before selection, the dominating triggers were the single electron and the single muon, with a smaller
contribution from double triggers. After selection, the situation is more or less identical, even if the
relevance of multi-leptonic patterns is enhanced, as seen in Figure 22, double triggers are less predo-
minant, as leptons are required to be above the single-lepton threshold in the selection procedure. The
double-muon trigger is not needed anymore, while the double-electron trigger alone only represents 1%
of the selected events. The choice of sub-triggers to be considered for this analysis therefore includes
single-electron and single-muon triggers. Both double-electron and double-muon triggers should also
be kept, since their importance could be highly dependent on the selection cuts on the leptons’ trans-
verse momentum.
It must also be noted that the trigger process and the subsequent reconstruction cuts have privileged
muonic events, as muons are easier to detect and isolate (Figure 23). When a ratio of 1.1 is originally
expected after HLT between fully muonic and electronic classes, this ratio is 1.6 after selection. Before
the offline selection, the ratio between event types is mainly combinatorial, with a ratio one-to-three and
one-to-six between types. Small deviations are related to different thresholds and trigger efficiencies
for electron, muon and tau triggers. After selection, tau channels are suppressed, as only leptonic tau
decays are considered in the analysis. It could be interesting to dedicate a study to events containing
(hadronic) taus, since this represents two thirds of the events.
5 Systematic uncertainties
Systematic sources considered in this study are related to the normalization of backgrounds, to the
reconstruction, the event selection, the luminosity and the structure functions of protons.
The uncertainty on the background normalization is usually estimated from the scale-dependence of
the NLO cross-sections. This scale dependence is not known to us. This uncertainty can be large, since
NLO effects are important. For events of interest for this study, the differences between leading-order
and next-to-leading-order calculations are large: 45% for t ¯t, 40% forWZ and 25% for ZZ events. Before
tuning them with real data, and thus especially at low integrated luminosity, it will be impossible to
trust background estimates from Monte-Carlo programs. Hence, background will be normalized to
signal-free regions of the phase-space.
By looking at the acoplanarity distribution when the angular cuts are not applied, data can be fitted
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Figure 23: Fraction of signal per topology (defined by the type of leptons in the final state), after HLT (a) and after
event selection (b).
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Figure 24: Distribution of the acoplanarity for pseudo-experiments, fitted by a signal+background shape, as de-
scribed in the text.
to a sum of signal and background shapes. For that purpose, the signal is described by a sigmoid
distribution, while the background remains constant. The Monte Carlo distribution for Signal and back-
ground are first fitted independently, and the shapes obtained that way are used to fit data from pseudo-
experiments (Figure 24). The uncertainty on the background normalization is then related to the uncer-
tainty on the background level in that fit. The uncertainty on the background level is found to be 15%
for an integrated luminosity of 100 f b−1, and rises up to 20% for 30 f b−1. That value will be used.
Reconstruction and selection uncertainties mainly arise from the jet-veto, the b-veto and lepton recon-
struction. Experience from Tevatron tells us that a typical 2% uncertainty on lepton reconstruction effi-
ciency has to be considered, while 5% uncertainty comes from lepton isolation [15]. Since three leptons
are present in our analysis, 12% uncertainty from lepton reconstruction and selection has been assumed.
The additional uncertainties from the jet-veto and the b-veto will be assumed to be 5% each, which is
motivated by the last CMS estimates, and seems reasonable in the light of Tevatron data.
To take into account other uncertainties related to the event selection, cuts are varied within the reso-
lution of the associated quantity. The signal efficiency and background rejection are found to be stable
with respect to such variations. A conservative value of 3% for the associated uncertainty is assumed.
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The last considered uncertainty comes from the product of the luminosity and the proton structure func-
tions, known as the parton luminosity. Considering these two quantities separately, 5% uncertainty on
the luminosity is generally assumed, while the uncertainty from the proton parton distribution function
(PDF) is taken to be 4% [16]. This latter uncertainty is reduced by the process considered, for which the
mid-x region (where uncertainties are small) dominates. This gives an uncertainty of 6.4% on the parton
luminosity. Since this parton luminosity is the actual quantity involved in the interaction physics, an
alternative approach consists in measuring it directly [17]. The electron and muon pseudorapidity dis-
tributions, originating from the decay of weak bosons, contains information about both the proton PDF
and the proton luminosity. It provides a key to measure the parton luminosity with an accuracy of about
1%. It nevertheless requires to extrapolate probability density functions to lower x and higher Q2, which
may induce additional uncertainties. Other emerging ideas cope with the (proton) luminosity issue by
measuring newwell predicted processes. Using elastic scattering in the Coulomb region (which requires
instrumentation of the beam with Roman pots at 240m)[18] or photoproduction of muon pairs[19], an
uncertainty of 1-2% is predicted. In the present work, a conservative uncertainty of 6.4% on the parton
luminosity is considered, keeping in mind that this can probably be improved. Considered uncertainties
are summarized in Table 4.









The additional source of systematic uncertainties arising from the limited Monte Carlo statistics is also
considered in the following result. With the Likelihood ratio method we are using, this is done bin per
bin in the distributions of signal and background, so that a single value cannot be quoted. For the time




In order to take advantage of the discriminating power of the transverse mass distribution, and to inte-
grate the effect of systematics, the log-likelihood method [20] is used. Figure 26(a) shows the luminosity
needed to obtain a 5σ significance using this method, with systematics only, withMonte-Carlo statistical
uncertainties (for signal and background), or with both effects considered. The main effect comes from
the limited Monte-Carlo statistics. Figure 26(b) shows the luminosity needed to exclude a Higgs boson
at 95%C.L. if no excess is observed, using the same method. Less than 50fb−1 are required in most of the
mass range, while only 20fb−1 are needed at 170GeV/c2.
6.2 Cross-section and branching ratio
If a new physical state is observed by a Higgs boson search, it will be crucial to study the properties
of this signal to further check whether this is a Higgs boson or not, and to which symmetry-breaking
sector it corresponds. One of the best ways to perform such a test is to measure and compare the
branching ratios of the particle. These branching ratios can also allow to distinguish Higgs bosons from
different models. Non-minimal Higgs models often predict different coupling constants, depending on
the models’ parameters.
After the measurement of the rate in one channel, a precise theoretical prediction is needed to determine
the branching ratio. Such a precise prediction is often unavailable because of uncertainties related to the
proton PDF or to NLO effects. Two types of approaches have been considered in the literature. A
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Figure 25: Reconstructed transverse mass from Equation (2) for a 140 GeV/c2 Higgs boson.
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Figure 26: (a) Luminosity needed to obtain a 5σ significance using the log-likelihood ratio method, with system-
atics only, with the uncertainty arising from the limited Monte-Carlo statistic only, or with both effects considered;
(b) luminosity needed to exclude a Higgs boson at 95%C.L. if no excess is observed, using the same method.
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model-independent analysis where ratios of couplings are extracted has been performed by the ATLAS
collaboration [21]. In this context, the channel studied here plays a key role in the determination of the
ratio ΓW/Γt , which gives an indirect insight into the top coupling in a Higgs boson mass window where





∗CQCD ∝ ΓWΓt ∗CQCD, (3)
where CQCD is the ratio of the K-factors between associated and direct production. Another approach
consists in imposing theoretically motivated constraints on the gHWW and gHZZ couplings to extract di-
rectly all Higgs boson couplings as well as the total width. This approach that involves a combined
study of all LHC analyses has been considered in reference [22]. In both cases, the uncertainty on the
total width after 100fb−1 is found to be about 20%.
In the present study, the partial decay width of the Higgs boson into W bosons, ΓW , is determined with a
good accuracy. This is possible using the narrow width approximation and benefiting from the fact that
only the gHWW coupling is involved in the Feynman diagram for the signal. This shows the potential
and the importance of this channel in the global approaches considered in the two mentioned papers.
From the number of observed events, and assuming a good description of the background by theMonte-
Carlo simulations, the product of the signal cross-section and the branching ratio of the Higgs boson into







with ε representing the combined trigger and selection efficiency. The uncertainty on this measurement

















In this expression, ∆N corresponds to the statistical uncertainty on N, and will be assumed to be
√
N . The
other three ∆Nb, ∆L and ∆ε quantities are dominated by systematic error sources described in Section 5.
In the narrow width approximation, the measured product of signal cross-section and branching ratio






≡ TΓ2W . (6)















In this expression, the uncertainty on the cross-section is the quantity obtained in Equation (5), and the
uncertainty on the T factor comes from theoretical uncertainties and expected experimental uncertain-
ties on Γtot . Assuming 100fb−1 luminosity and the aforementioned systematic sources, the uncertainty
on the cross-section is found to be 36% for a 150GeV/c2 Higgs boson. The corresponding uncertainty
on the ΓW partial width is 21%. These results depend on the Higgs boson mass, and are presented in
Figure 27.
The uncertainty on the cross-section can be compared with the uncertainty predicted by the ATLAS
collaboration in [21]. This paper predicts an uncertainty on the cross-section of 33%, again for a Higgs
boson of 150GeV/c2 after 100fb−1. This is apparently better than the result that has been obtained here,
but in fact only reflects a less conservative estimation of systematics. The quoted number of signal and
background events (15.1 and 9.9 respectively for a 150GeV/c2 Higgs boson after 100fb−1) is indeed very
similar to our results (14.5 and 9.0 respectively in the same conditions). The uncertainty obtained on
the ΓW partial width can be compared to the uncertainty on the same partial width obtained in the
compilation of ATLAS studies [22]. This paper predicts an uncertainty on the partial width of 20%, for
a Higgs boson of 150GeV/c2 after 100fb−1, which is in perfect agreement with our results.
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Figure 27: (a) Resolution on the product of cross-section and branching ratio into WW as a function of the Higgs
boson mass, for an integrated luminosity of 100fb−1 . (b) Resolution on the ΓW partial width as a function of the
Higgs boson mass, for the same integrated luminosity.
6.3 Mass resolution
Since there are three neutrinos in the event, no mass peak can be extracted over the background. The
most sensible variable to determine the mass is the Higgs boson transverse mass computed in Equa-
tion (2). Unfortunately, the mass dependence of this quantity is not marked. In order to extract the mass
and the resolution, a likelihood fit must be performed. This method is inspired by the work presented
in reference [21], but differs as binned probability density functions are used here.
For a given mass, a pseudo-data distribution is generated from the binned Monte-Carlo probability
density function after analysis. Inspired by Poisson statistics, the value of the likelihood for each mass
hypothesis is then computed as







where the sum is performed over the bins of the transverse mass distribution, di are the pseudo-data,
and ni the predicted number of events. The obtained log-likelihood distribution is fitted by a second
order polynomial around the minimum, and the minimum of the parabola is taken as mass estimate.
This procedure is repeated several times to produce a mass distribution, the width of which gives the
mass resolution (Figure 28).
Due to the lack of statistics, the mass cannot be determined from a low integrated luminosity. Us-
ing 100fb−1, the reconstructed Higgs boson mass distribution is not Gaussian and presents a large tail.
While the fitted width is 2.5GeV/c2, the RMS is 5.4GeV/c2. Using 300fb−1, a resolution ranging from
2 GeV/c2 to 3 GeV/c2 can be obtained. This procedure cannot be extended towards the edge of the mass
region of interest, since samples with a simulated mass on each side of the studied mass are needed. It
would require unavailable samples with a mass between 100GeV/c2 and 115GeV/c2, as well as between
190GeV/c2 and 210GeV/c2. The resolution obtained as a function of the Higgs boson mass is shown in
Figure 29. It must also be noticed that this result does not include all possible sources of systematics
arising from the simulation of the signal, or from event reconstruction. It is basically the statistical error
of the likelihood fit.
6.4 Higgs boson spin
As already mentioned, reconstructed leptons are assigned either to the Higgs boson decay or to the
decay of the W boson that does not come from the Higgs boson by choosing the two closest opposite-
sign leptons. The third lepton must then come from the associated W boson. One drawback of this
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Figure 28: Mass distribution obtained by minimizing the Higgs boson (simulated at 160 GeV/c2) transverse mass
likelihood function for several pseudo-experiments, for 100fb−1 and 300fb−1.
Figure 29: Resolution obtained on the Higgs boson mass in the range covered by the WH,W →WW channel,













Figure 30: Reconstructed polar φ angle between leptons originating from the Higgs boson for events simulated
with PYTHIA (continuous) and CompHep (dashed). The normalization is arbitrary.
way of assigning leptons to the Higgs boson decay is that it biases the reconstructed angle between
leptons. Figure 30 shows the reconstructed acoplanarity between leptons originating from the Higgs
boson for events simulated with PYTHIA and CompHep. Distributions are very similar, which is rather
different from what was obtained at generator level in Figure 6. Several alternative methods to select
leptons from the Higgs boson decay have been tried but have not been more successful. These are the
Pt ordering, the angular position with respect to the missing transverse momentum or the η ordering.
Other methods always introduce additional smearing that washes the spin-correlation effect out. Hence,
the acoplanarity between leptons can probably not be used to measure the Higgs boson spin, as it is the
case for the inclusive H →WW (via gluon fusion) channel.
7 Fermiophobic Higgs boson
One important motivation for studying this channel is also that it is one of the only allowed signatures
for a fermiophobic Higgs boson model. If the Higgs boson does not couple to fermions, the usual gluon-
fusion diagrams are indeed forbidden, aswell as b¯b decays. The associated production of a fermiophobic
Higgs boson will present a large cross-section at low mass, as the branching ratio does not drop down
as in the Standard Model (Figure 31).
Figure 32(a) shows the luminosity needed to obtain a 5σ significance for a fermiophobic Higgs boson.
Compared to Figure 26, the needed luminosity is found to be similar in the most favorable mass region
for the Standard Model (around 170GeV/c2) and above, but far better results are obtained in the low
mass region. After 100fb−1, all masses between the LEP limit and 175GeV/c2 will be covered by this
analysis alone. Figure 32(b) shows the luminosity needed to exclude a fermiophobic Higgs boson at
95%C.L. if no excess is observed. Fewer than 30fb−1 are required to reject any fermiophobic Higgs
boson up to 175GeV/c2. It must be noted that the presence of a Standard-Model Higgs boson would
compromise this exclusion limit.
Since the number of expected events is larger at low mass, the expected precision on the partial branch-
ing ratio into W bosons is better. Assuming a 100fb−1 luminosity and the aforementioned systematic
sources, the uncertainty on the cross-section is found to be 30% for a 150GeV/c2 Higgs boson. The
corresponding uncertainty on the ΓW partial width is 20% (Figure 33). At this level, the uncertainty is












0 20 40 60 80 100 120 140 160 180 200









Figure 31: Branching fraction of benchmark fermiophobic Higgs boson (defined in the text) into boson pairs as
calculated by HDECAY [2].
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Figure 32: Results obtained using the benchmark fermiophobic model; (a) Luminosity needed to obtain a 5σ
significance using the log-likelihood ratio method, with systematics only, with the uncertainty arising from the
limited Monte-Carlo statistic only, or with both effects considered; (b) luminosity needed to exclude a Higgs boson
at 95%C.L. if no excess is observed, using the same method.
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Figure 33: Results obtained using the benchmark fermiophobic model; (a) Resolution on the product of cross-
section and branching ratio intoWW as a function of the Higgs bosonmass, for an integrated luminosity of 100fb−1.
(b) Resolution on the ΓW partial width as a function of the Higgs boson mass, for the same integrated luminosity.
8 Concluding remarks
The associated production channel WH, with W → ℓν and H →WW → ℓνℓν, provides an interesting
possibility to observe a Standard-Model Higgs boson in the intermediate mass range. For an integrated
luminosity of 100fb−1 a significance of more than 5σ can be observed in the mass interval between 155
and 178GeV/c2. This channel therefore complements a Higgs boson discovery in other channels. In that
mass range, these are (qqH, with subsequent H → ττ,γγ), (H→ γγ), (H →WW ) and (H→ ZZ) [23]. While
it is generally assumed to be a channel used after a discovery to determine Higgs boson properties,
the present analysis shows that it can also be considered as a discovery channel in the center of the
considered mass range. Performances compare with those in qqH and H → γγ channels. Compared to
theWW channel, the associated production channel studied here has the advantage that a better signal
to background ratio can be obtained due to the third lepton. It is nevertheless disadvantaged by the low
cross-section. In the context of a fermiophobic Higgs boson model, where gluon-fusion diagrams are
not allowed, this channel also provides one of the only chances of discovery in that mass range.
The transverse mass spectrum can be used to provide some (limited) information on the Higgs boson
mass. From the shape of the measured transverse mass distribution, the Higgs boson mass can be
determined with an uncertainty of 3 GeV/c2 for an integrated luminosity of 300fb−1. One drawback of
this channel is that it does not provide as clear a signature for the Higgs boson spin as expected, due to
the ambiguity from the third lepton. More work is needed to determine if this can be overcome by more
advanced methods.
The present analysis suffers from small data samples for some backgrounds. It would be useful to
process more events for the high cross-section backgrounds which are heavily suppressed, like t ¯t and
Wt. Second-order backgrounds, like b¯b, W (Z)b¯b single top and Z+ jets should also be included in the
analysis. It would certainly require a strong generator-level preselection and large statistics. A reliable
fast-simulation framework would certainly allow a more complete study of these problematic back-
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